A general relationship between the kinetics of dynamic and static recrystallization is developed. It is predicted that conventional dynamic recrystallization will occur whenever the deformation time exceeds the adjusted start time for static recrystallization. This approach is verified using data for austenite and lead. It is then applied to current and previous work on ferrite. The model provides support for the contention that conventional dynamic recrystallization occurs in low carbon ferrite if deformation is carried out at high temperatures and low strain rates. In the present work, which was carried out at 700 ЊC, evidence for dynamic recrystallization was observed for strain rates less than around 0.01 s Ϫ1 . At higher strain rates, the model predicts a critical strain for the onset of dynamic recrystallization that exceeds the critical strain for the beginning of the recovery steady-state region. While the model allows dynamic recrystallization to begin in this region, the critical strain for its onset is expected to increase rapidly with increasing strain rate and decreasing temperature once steady state has been reached.
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I. INTRODUCTION
as it may seem. Indeed, it was some time after its first observance before the mechanism became generally recog-THE generation and growth of new crystallites in the nized as occurring at all during hot working.
[2] The difficulty course of hot deformation has been, and continues to be, of in achieving rapid quenching following deformation leaves considerable interest to both metallurgists and geologists.
open the possibility that static recrystallization processes The process, termed dynamic recrystallization (DRX), can alter the microstructure. Obviously, this gives the appearance play a significant role in determining the flow behavior of dynamic recrystallization. It is therefore useful if grains during, and the properties following, deformation. In the hot can be found that appear to have been recently formed but working of metals, the occurrence of this phenomenon has that also contain a dislocation structure. However, in these been widely recognized and studied for systems based on circumstances, there is, depending on the deformation condiaustenitic iron, copper, nickel, and lead, as well as others. [1] tions (particularly strain), grain size, and observation techHowever, in the case of aluminum and ferrite, reports on nique, the possibility that the grain has actually existed since the occurrence of conventional dynamic recrystallization are the beginning of deformation. It is also possible that such not as common. The simple explanation that has often been a grain was formed by deformation-induced grain subdivioffered is that these metals recover rapidly during deformasion or continuous recrystallization. This last problem is tion because of their high stacking fault energy. Conseparticularly important to consider in materials that form a quently, the stored energy required for dynamic recrystallizadistinct equaixed subgrain structure, i.e., the high stacking tion is not achieved. [2, 3] fault materials. In these materials, the appearance of a fine While the driving force for recrystallization is an heavily etched subgrain grain structure under the optical important consideration, so too are the mobility and energy microscope can often be misconstrued as a fine dynamically of grain boundaries.
[2] At low temperatures, where the stored recrystallized grain structure. energy of deformation is high, insufficient thermal activation In many cases where dynamic recrystallization takes for grain boundary motion means that even "dynamically place, a distinct peak in the stress strain curve occurs. [3, 10] recrystallizing" materials will not display dynamic recrystalThis is due to the regions of low dislocation density generlization. Instead, varying degrees of dynamic recovery ated during the process and is often used as an indicator of (DRV) will take place, depending on the material and the the presence of the reaction. In early work by Glover and deformation conditions. Conversely, when deformation is Sellars, [4] using torsion of high purity irons, conventional performed under conditions that favor high grain boundary dynamic recrystallization in ferrite at low strain rates was mobilities, dynamic recrystallization is more likely. Under inferred from both metallography and the presence of a such conditions, ferrite has been reported to display convendistinct flow stress peak. The metallographic evidence contional dynamic recrystallization. [4] [5] [6] [7] The present work examsisted of the presence of a dislocation structure immediately ines the conditions under which this occurs by considering behind apparently mobile (bulging) boundaries. Dynamic the kinetics of static recrystallization (SRX).
recrystallization occurred when the deformation stress was It is important to note that the identification of convenless than ϳ70 MPa and when strains were greater than at tional dynamic recrystallization is not as easily accomplished least 0. rence of dynamic recrystallization of commercial ultra low carbon titanium stabilized interstitial-free (IF) steels in com-
[1] pression and inferred the action of dynamic recrystallization where ss is the steady-state dislocation density and k reflects from the presence of equiaxed grains containing a substructhe rate of recovery. Therefore, during dynamic recrystallizature. No peculiarities in constitutive behavior were observed; tion at a constant strain rate, the dislocation density behind all the flow curves took on a form typical of dynamic recova moving boundary (averaged over the length, r, it has travery. However, it was noted that the average grain size, measeled in the x direction) can be given by ured using optical microscopy, decreased with increasing strain rate and decreasing temperature, which is consistent
[2] with the action of dynamic recrystallization. Dynamic recrystallization was only reported for stresses less than ϳ40 MPa and strains of around 0.8.
In a similar manner, the dislocation density ahead of the Najafi-Zadeh et al. [5] interpreted the fine equiaxed grains same boundary can be expressed as seen in their commercial quality IF steel following multipass rolling as dynamic recrystallized grains. Bascizinski and
Jonas [6] have also modeled conventional dynamic recrystallization of ferrite in high strain torsion tests carried out on IF steels. However, in both of these studies, the high torsion where o is the strain at which the boundary begins to strains employed mean that some form of continuous migrate. dynamic recrystallization [8] may have been activated in addiThe difference between these two dislocation densities, tion to, or in place of, conventional dynamic recrystalmultiplied by the energy per length of dislocation, , gives an lization.
approximation for the energy difference across the boundary.
It is apparent that dynamic recrystallization of ferrite has
This parameter plays an important role in both nucleation been reported by a number of workers and that it takes place (by the bulge mechanism) and the rate of boundary migration when the stress is low (that is, when the temperature is high (e.g., Reference 10) and can be expressed, after taking inteand the strain rate is low) and when the strain is greater grals, as than a critical value. However, there is some difficulty in obtaining completely convincing evidence for its presence;
for high purity material, a distinct flow peak is observed but none appears to be evident in commercial grades. Further-[4] more, it cannot be currently determined whether it will occur in a given instance. In the current study, the aim is to use For static recrystallization, the energy difference across a knowledge of the static recrystallization kinetics of ferrite migrating boundary can be approximated by the stored to provide further evidence for the dynamic recrystallization energy ahead of the boundary, which, after a strain of 0 , is of this phase.
II. BACKGROUND
The ratio of the energy differences for the static and dynamic processes therefore is For the kinetics of static recrystallization to be of any use in understanding dynamic recrystallization, the relationship between the rates of the two processes must be established.
Despite the development of a number of fairly successful models of dynamic recrystallization (e.g., References 9 and As kr /ẋ tends to zero, the stored energy ratio tends to 10) this relationship appears not to have been explicitly unity, and as kr /ẋ tends to infinity, the ratio tends to zero. quantified. These models, nevertheless, provide a simThe kinetics of the two process are more likely to be of the ple framework for doing so. Models by Sandstrom and same order when the strain rate and lifetime of the growing Lagneborg [9] and Roberts and Ahlblom [10] examine the slowregion (i.e., r) are low and when the rate of migration of ing of the rate of migration of a recrystallization front by the boundary is high. Indeed, this is exactly what one might the accumulation of dislocations behind the boundary. Derby expect. However, to gain an indication of the approximate and Ashby [11] consider the fact that dislocations accumulate magnitude of kr /ẋ it is necessary to estimate the rate of in front of the moving boundary. However, they infer that growth, which is, in turn, dependent on ⌬E. One way around this totally cancels any retarding effect of dislocations behind this is to consider the dynamics of nucleation and growth the boundary. The model developed by Brechet et al. [12] involved in the establishment of the steady-state recrystalconsiders both dislocation populations. In the following, we lized grain size. In this regard, Derby [1] has concluded that briefly examine the energy difference across a migrating the average steady-state grain radius can be approximated by boundary during dynamic recrystallization, taking note of the changing energies on either side of the boundary, like R 2 Ϸ 3dẋ 2 [7] Brechet et al., but using a framework similar to that used by Roberts and Ahlblom.
If the steady-state dislocation density is significantly where d is the average subgrain diameter and the constant 3/2 reflects geometrical and microstructural parameters and greater than the dislocation density of the undeformed material and the dislocation densities at very low strains are not was established with the aid of experimental data. Equating d /2 with r, noting that k ϭ 10, is reasonable (e.g., Reference of interest, the evolution of dislocation density, , with strain, , during dynamic recovery may be approximated by [13] 13), and for r /R ϭ 0.1,
which, according to Eq.
[6], gives a value of ϳ0.9 for the ratio of energy difference across migrating boundaries for dynamic compared to static recrystallization. This suggests that for early but measurable stages of dynamic recrystallization, the kinetics of the process should be of a similar order to those of static recrystallization. A similar conclusion has been drawn previously by the present authors following an examination of the empirical equations for dynamic and static recrystallization developed for hot working. [14] Briefly, the isothermal kinetics of static recrystallization can be expressed by
where T 50 is the time for 50 pct recrystallization, which can be related to the strain by a power law: content; a is a constant usually falling in the range 2 to 4; and n (the Avrami or JMAK exponent) is a constant of similar magnitude. The experiments used to derive the constants for found to correlate, in many circumstances [e.g., Reference these equations often involve annealing (recrystallization) 3], with approximately 80 pct of the strain to the flow stress times more than an order of magnitude greater than that of peak. Using this observation, Eqs.
[13] and [14] are adjusted the deformation. Therefore, it is permissible to consider the to predict the strain to the peak stress and plotted against time involved in the reaction as beginning at the start, rather experimentally determined values in Figure 1 . There is reathan the end, of the deformation. The time, t c , required for sonably good agreement despite the approximate nature of the initiation of static recrystallization (i.e., X ϳ 0.01) during the factor of 80 pct. It is evident that the kinetics of static deformation, where t ϭ /, can then be expressed, by recrystallization can be used to estimate the strain to the assuming additivity, [15, 16] * as flow stress peak and the onset of dynamic recrystallization *The rule of additivity was introduced by Avrami [15] and allows one to in these two metals. In the following, a similar analysis will divide, for computational purposes, the reaction into isothermal (or isostrain be employed for hot-worked ferrite.
in the present case) segments. The volume fractions predicted to form in each segment can be summed to give the total expected transformed volume fraction. It only holds if the reaction is isokinetic but has been used effec-
III. FERRITE
tively in predicting nonisothermal recrystallization of ferrite.
[16]
The static recrystallization kinetics of vacuum-melted iron have been examined in the ferritic region by Glover and [11] Sellars.
[18] Some of their data for material twisted at a temperature of 650 ЊC and strain rate of 3.8 ϫ 10 Ϫ2 s Ϫ1 are shown After integration and substituting the quotient of strain in Figure 2 . To describe these results, the following empirical by strain rate for time, the critical strain for "static" recrystalexpression, developed for low carbon ferrite, can be lization during deformation becomes employed:
[12]
*The exponent for Z was wrongly reported to be Ϫ0.3 in Ref. 16 .
When values for the constants in this equation are obtained from the literature for austenite [14] and lead, [17] the following t 50 ϰ d [13] data in Figure 2 yields a constant of proportionality of 2 ϫ 10 Ϫ12 . The insensitivity of the time to 50 pct recrystallization Lead:
to strain at higher strains corresponds to the recovery steadystate region and its significance for high strain predictions c ϭ 0.35 0.23 [14] will be considered in Section VI. It should also be noted that the values employed for the other parameters in Eq. where d 0 is the initial average grain size.
The critical strain for dynamic recrystallization has been [15] may vary with composition, and the terms presented rates and higher temperatures, the predictions made by Eq.
[16] fall in the approximate region of the experimental data. This also corresponds to the region where dynamic recrystallization was observed. At higher values of Z, where dynamic recovery was reported to be the rate controlling mechanism, the predictions are considerably higher than the experimental data. It would appear that the flow stress peak and, therefore, the onset of dynamic recrystallization in ferrite can be inferred from the kinetics of static recrystallization, as for austenite and lead. This finding provides a framework for the prediction of when dynamic recrystallization might be expected to occur. It also suggests that if the kinetics of static recrystallization are fast enough, one might be able to encourage dynamic recrystallization of ferrite in steel grades not as pure as those for which dynamic recrystallization has been reported to date. The present analysis approach can also be employed to examine the idea that the lack of flow stress peaks in low commercial quality ferrite suspected of undergoing dynamic recrystallization is due to the slow circumstances, the onset of dynamic recrystallization is expected to lead to the "early" onset of steady-state type behavior (i.e., a leveling off of the stress-strain curve), as opposed to a distinct peak. These possibilities are explored briefly here by examining the results of a series of torsion tests carried out on a fine-grained commercial quality low carbon steel. The present authors are not aware of any previous reports of conventional dynamic recrystallization in these type of grades.
IV. EXPERIMENTAL
Torsion samples were machined from a front end transfer bar crop of a commercial low carbon steel containing 0.06 pct C, 0.2 pct Mn, 0.04 pct Al, and 0.004 pct N by weight. The initial microstructure is presented in Figure 4(a) ; the corresponding average grain size (linear intercept) is 25 m. A series of double hit tests were performed at a temperature of 700 ЊC, a strain rate of 0.1 s Ϫ1 , and an initial strain of 0.1. The approximate degree of fractional softening was established as a function of interpass time. A second set of specimens were heated to 700 ЊC, held for five minutes, and then strained to an equivalent strain of 1.0 at strain rates between 0.001 and 10 s
Ϫ1
. The samples were quenched within 0.5 s of the end of deformation by automatically Fig. 3 -Influence of Z on the strain to the peak stress for vacuum-melted activated water jets. Specimens were then prepared for optiiron.
[16] It can be seen that predictions based on the kinetics of static recrystallization agree well with experimental values for low values of Z.
cal and electron microscopy by mechanical polishing in the standard manner followed by etching in Nital (2 pct solution). Electron backscattering diffraction (EBSD) was performed on a JEOL* 840. The data were analyzed using here provide only an approximation for the values expected for the grade used by Glover and Sellars.
*JEOL is a trademark of Japan Electronic Instruments Corp. Tokyo.
The critical strain for the onset of dynamic recrystalliza-HKL (HKL Technology, Hobro, Denmark) software. tion for the vacuum-melted iron used in Glover and Sellar's work can now be estimated using Eq. Fractional softening following deformation to a strain of 0.1 is plotted against time in Figure 5 . The first 30 pct of softening occurs rapidly and can be ascribed to static recovThe strains to the peak stress predicted using this equation (and assuming c ϭ 0.8 p ) are plotted along with experimenery. The curve fitted through the data (using an Avrami exponent, n, of 2) assumes that the remaining softening is tal results in Figure 3 . At low values of Z, i.e., low strain due to static recrystallization and yields a time for 50 pct recrystallization of 730 seconds. The equivalent stress-strain curves obtained from the torsion samples tested at 700 ЊC might expect, given the initial grain size (Figure 4(a) ). However, it is difficult to discern the difference between grain are presented in Figure 6 . All the curves display a steadystate region without any distinct peak in flow stress. The boundaries and subgrain boundaries. To help make this distinction, EBSD maps showing boundaries with disorientasteady-state stress varies with the strain rate according to a power-law relationship (with an exponent of 0.14) for the tions (i.e., the minimum crystallographically equivalent misorientation) between 3 and 15 deg (light lines) and greater range of conditions examined (Figure 7) .
Optical microscope images of the microstructures than 15 deg (bold lines) are presented in Figure 8 for samples twisted at strain rates 0.01 s Ϫ1 (Figure 8(a) ) and 0.001 s
observed following deformation at 1 and 0.001 s Ϫ1 are presented in Figures 4(b) and (c) . The microstructure at the (Figure 8(b) ). The average intercept distances between the high angle boundaries in the shear direction are 9 and 12 m, lower strain rate is considerably more equiaxed and coarser than that seen after deformation at 1 s
. Both microstrucrespectively. These values are less than the initial average intercept length (25 m), which is not expected to change tures display more distinctly etched fine grains than one (a) with increasing deformation and reflects the presence of smaller grains.
It is not clear whether these additional grains were formed by dynamic recrystallization. However, some segments of high angle grain boundary present in the structures (marked "A") appear to have been formed by continuous dynamic recrystallization or texture rotation type processes. At their simplest, these boundaries are characterized by a single segment of high angle boundary protruding from a length of continuous boundary. Also evident in the structure formed during deformation at 0.001 s Ϫ1 are boundaries that appear to have bulged into neighboring grains (marked "B"). At this low strain rate, the high angle boundary structure is also more equiaxed than at the higher strain rate. These last two observations reflect the motion of high angle boundaries during deformation.
IV. DISCUSSION
Despite the rapid quenching employed in the present work, there is the possibility that the high angle boundary motion evident in the low strain rate tests may be due to events that took place in the short period following the deformation. If this were the case, one would expect more bulging and (b) evidence for boundary motion to be evident in the higher strain rate samples, due to the higher driving force for static quenched microstructures were formed by dynamic processes. It is also worth noting that the clear identification of dynamically recrystallized grains in the current work is hampered by the lack of size contrast between dynamically of grain boundaries evident in the sample strained at 0.001 s Ϫ1 suggests that dynamic recrystallization may have comrecrystallized and worked grains (due to the relatively fine starting grain size), which often helps in the identification menced in this sample. Turning now to the kinetics of static recrystallization, the of new recrystallized grains. The degree of dynamic recrystallization is also expected to be low for the conditions value obtained for the constant of proportionality in Eq.
[15] using the time to 50 pct recrystallization established in Figure  examined and the reaction is more difficult to detect in its early stages. Despite these reservations, the apparent motion 5 is 3.6 ϫ 10 Ϫ13 . This is less than, but reasonably close to, Fig. 9 -Influence of strain rate on the strain to the peak stress. It can be Fig. 10 -Effect of strain rate on the strain to peak stress for dynamic seen that predictions based on the kinetics of static recrystallization agree recovery and for predictions based on static recrystallization with and well with experimental values at low strain rates in a manner similar to without the influence of the recovery steady state. [19] The strain to the peak predicted using this expression (assuming c ϭ 0.8 p , a grain size of 25 m, and a temperature of 700 ЊC) is shown in Figure 9 . Also shown in this This equation is plotted in Figure 10 for the present steel. It can be seen that the predicted critical strain increases more plot are the strains corresponding to the earliest strain at which the differential of stress with strain reached zero.
rapidly with increasing strain rate once the strain to the dynamic recovery region has been exceeded, as would be The plot is similar to the data for vacuum-melted iron in Figure 3 in that there is good agreement at low strain rates expected. This increase is quite rapid so that, while it appears possible for dynamic recrystallization to initiate in the but not at higher rates. This similarity suggests that dynamic recrystallization was initiated at strain rates less than ϳ0.01 dynamic steady state, the strain at which it occurs becomes higher than three for values of strain rate greater than approxs Ϫ1 . It also implies that the reaction proceeded to a sufficient degree to cause the flow curve to level off but not enough imately one order of magnitude higher than the point at which the critical strains for the two processes coincide. to generate a distinct flow stress peak. The stress corresponding to this critical point is ϳ60 MPa and the ZenerThis is equivalent to a change in temperature of around 50 ЊC (assuming an activation energy for deformation of Hollomon parameter is around 10 Ϫ13 s Ϫ1 (for Q ϭ 315,000 J/mol).
315,000 J/mol). Given the upper temperature of around 720 ЊC for the fully ferritic region, it is not surprising that Interestingly, the present approach to dynamic recrystallization does not preclude its initiation at strains within the conventional dynamic recrystallization of low carbon ferrite is not commonly observed, particularly once steady state recovery steady-state region, a circumstance that does not seem to have been considered in the literature. Indeed, it has been reached due to recovery. Further work is required, however, to verify that dynamic recrystallization can indeed is predicted that materials that typically undergo dynamic recovery should undergo dynamic recrystallization if worked initiate within the steady-state recovery region. Finally, it is instructive to briefly examine the influence to sufficiently large strains. However, before this conclusion can be drawn, it is necessary to consider the influence that of the kinetics of recrystallization on the point where the peak stresses for dynamic recovery and dynamic recrystallithe recovery steady state has on the kinetics of static recrystallization. As a first approximation, it may be assumed that zation are predicted to coincide. The strain to peak stress for the high strain rate tests carried out in the present analysis VII. CONCLUSIONS can be expressed as a power-law function of strain rate:
The kinetics of static recrystallization can be used to predict the strain at which the flow stress levels off in high pDRV ϭ 0.59 0.1 [20] temperature and low strain rate deformation of both high purity (literature data) and low purity (current data) ferrite. If it is assumed that the activation energy corresponding
The region of agreement between experiment and predicto this relationship can be given by the activation energy tions correlates with the range where signs of conventional dynamic recrystallization are evident in the microstructure. obtained for the flow stress (i.e., 315,000 J/mol [19] 
